Mini Reviews in Medicinal Chemistry, 2001, i, 175-186 



175 



p-Amyloid Aggregation Inhibitors for the Treatment of Alzheimer's Disease: 
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Abstract. Amyloid (A$) deposition remains a hallmark in the pathology of Alzheimer's disease (AD). Important 
drug discovery efforts dedicated to the inhibition of the polymerization process leading to amyloid 
neurotoxicity are pursued by academic groups and the pharmaceutical industry as a potential preventive 
treatment for AD. The aim of this review is to up-date current knowledge on the amyloid aggregation process 
and the various available peptidic and non-peptidic AP aggregation inhibitors. 



Alzheimer's disease (AD), characterized by a progressive 
loss of memory as well as cognitive function, affects around 
15 million people worldwide. The incidence increases from 
0.5% per year at the age of 65 years to about 8% per year 
after the age of 85 years [1]. The prevalence of the pathology 
increases from 3% at the age of 65 years to 47% after the age 
of85years[2]. 

Current treatment focus on symptomatic aspects of the 
pathology and includes drugs increasing cholinergic 
neurotransmission, like the acetylcholine esterase inhibitors 
Tacrine, Donepezil or Rivastigmine [3, 4]. This therapy is 
devoid of any major impact on the progression of the disease 
and several preventive/curative approaches are currently 
developed. Some of these have already been tested in the 
clinic (e.g. combination of vitamin E and the monoamine 
oxidase inhibitor Selegiline); unfortunately without revealing 
any therapeutic benefit [5]. 



I. HOW DO WE HOPE TO TREAT ALZHEIMER'S 
DISEASE? 

The goals for the treatment of patients suffering AD are to 
improve, or at least to slow, the loss of memory and 



The growing understanding of the huge number of factors 
involved in AD leads to potential interesting avenues for 
drug discovery to modify disease progression, e.g.: 

• Anti-inflammatory agents. One of the hallmarks of 
AD is inflammation in the brain. Epidemiological 
evidence strongly suggests that anti -inflammatory 
agents, like NSAIDs (Ibuprofen, Indomethacin) are 
associated with a reduced risk for AD [6, 7]. 

• Antioxidants. It has been recognized for a long time 
that over-production of free radicals results in 
oxidative stress that may play a role in AD. Many 
clinical trials using anti-oxidant agents have been 
performed, one of them involving Ginkgo biloba 
seems particularly promising [8]. 

• Neurotrophic factors. Neurotrophic factors (NGF, 
BDNF etc..) have demonstrated regenerative 
properties in various animal models and appear to 
represent a promising therapeutic avenue. A very 
interesting neurotrophic mimetic, AIT-082, a 
hypoxanthine derivative, is presently under clinical 
evaluation in AD [9]. 
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cognitive function, without the induction of serious side 
effects. Moreover, the development of drugs that attack more 
fundamental processes of AD, preventing them from 
damaging function and quality of life, are eagerly awaited. 
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Another hallmark of AD, the deposition of the (3-amyloid 
(AP) peptide in the core of the senile plaques and in the 
walls of cerebral blood vessels [10], has induced a vast area 
of research focused on this 39-42 amino acid peptide: 



II. THE ALZHEIMER AMYLOID p PEPTIDE 

The physiological activity (if any) of Ap, a normal 
constituent of biological fluids [11], is still unknown. It can 
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exert neurotrophic [12] or neurotoxic effects [13-15] 
depending on its concentration and aggregation state. Indeed, 
it has been shown that only amyloid aggregates deriving 
from A(i oligomers, having adopted a P-pleated sheet 
conformation [16, 17], are toxic to neurons. It is generally 
accepted that Ap toxicity requires the assembly of A0 
aggregates into fibrils [18]. However, this view may be too 
simplistic and it appears probable that the fibrillogenesis 
process includes other (possible toxic) intermediates that 
might constitute the real drug discovery targets to be 
pursued. 

Ap seems to be involved in many neurotoxic pathways 
relevant for AD such as oxidative stress [19] and loss of 
calcium homeostasis [20, 21]. A dyshomeostasis regarding 
some metals found in the brain (e.g. zinc, copper) has also 
been reported in AD, and it should be noted that these 
"biometals" also promote AP aggregation in vitro [23, 22]. 

Ap is formed from the cleavage of a larger species namely the 
P-amyloid precursor protein (pAPP), and, once released, is 
prone to self aggregation [23]. APP is processed via enzymes 
called secretases, amyloid being generated via the activity of 
the so-called beta and gamma secretases [24, 25], alpha- 
secretase producing non toxic APPs (soluble APP fragment). 
This area of research, with the recent discovery that y 
secretase and presenilins 1 (PS 1) and 2 (PS2) may be the 
same molecular entity, provides attractive targets for the 
lowering of amyloid production [26-28]. The identity of P- 
secretase has been established last year, with the discovery of 
the transmembrane aspartic protease BACE, Beta site APP- 
Cleaving Enzyme [29, 30]. 

Genetic evidence supporting the hypothesis that Ap plays 
a key role in the pathogenesis of AD [31] is listed below: 

• Three familial forms of AD (trisomy 21, pAPP gene 
mutations, and presenilin gene mutations) increase 
the production of A0. 

• One of the most prominent genetic risk factor for AD 
(apolipoprotein E4) is associated with an increased 
AP deposition. 

• Aggregated A P is toxic to neurons in vitro and in 
vivo. 

• Transgenic mice overexpressing human mutated APP 
develop certain pathological features of AD like 
cerebral amyloid plaques, as well as cognitive 
dysfunction. 

A. Amyloid Targeted Therapeutic Approaches 

Several approaches aimed at blocking the neurotoxic 
activity of Ap are presently pursued: 

• Inhibition of amyloid production by inhibiting the 
enzymes cleaving pAPP (beta and gamma secretases) 
and thus producing Ap. Secretase inhibition is not 
the focus of this review, since this has been the 
subject of several recent articles [32, 33], 
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• Immunizing against AD is a simple idea based on the 
immunizing principle, as is done for polio for 
example. Elan Pharmaceuticals [34] has recently used 
a transgenic mouse model of AD in which they 
injected a vaccine composed of P-amyloid and an 
immune system activating agent. The immunized 
mice showed virtually no plaques. Although many 
questions remain to be answered [35, 36], Elan has 
entered into the clinic to validate this approach (their 
vaccine "beta-block" has successfully passed a phase I 
study). 

• Inhibition of amyloid polymerization. This approach 
will be more extensively developed in the following 
section. 

B. AP Aggregation Inhibition 

Given that increased Ap generation, its aggregation into 
plaques, and the resulting neurotoxicity may lead to AD, 
many drug discovery approaches have targeted a slowing 
and/or block of that phenomenon, e.g. the aggregation 
process leading to the formation of the well known "amyloid 
plaques", also called neuritic plaques. This type of plaque 
can be visualized using staining dyes such as Congo Red or 
Thioflavin S, because of the fibrillized nature of Ap (unlike 
diffuse plaques containing amyloid having a beta-pleated 
sheet conformation but not assembled into fibrils and 
invisible when using those dyes). 

Ap aggregation depends on various parameters such as 
pH, concentration and the incubation period in aqueous 
medium [21]. Some "biological chaperones" like membrane 
phospholipid metabolites [37], .gangliosides [38], 
glycosaminoglycans [39, 40] for example can act in vivo as 
catalysts for this polymerization process. It has recently been 
shown that "chaperone mimetics" could inhibit the self 
association of Ap. For example Neurochem lnc, a Canadian 
pharmaceutical company, has developed small sulfated 
glycosaminoglycan (GAGs) mimetics inhibiting the 
interaction of Ap and naturally-occurring GAGs and 
displaying interesting anti-fibrillogenic properties. One of 
their lead compound, Alzhemed™, will enter clinical trials 
for Alzheimer's in partnership with H. Lundbeck A/S, a 
Danish pharmaceutical company. Another lead compound, 
Fibrillex™, designed for the treatment of systemic 
amyloidosis, was granted orphan drug status by the FDA in 
the US last year [41]. The chemical structure of these 
molecules has unfortunately not yet been disclosed. 



C. The AP Polymerization Process 

The polymerization process of AP is an event proposed 
to be involved in the AD disease process [42]. The 
hypothesis for all the "papp-tists" working on amyloid 
aggregation is that the neurotoxicity induced by this peptide 
is related to its aggregation state which is itself related to 
the conformation adopted by A$. Indeed, it has been shown 
that the aggregation, as well as the resulting toxicity of 
amyloid, is directly related to the peptide's capacity to adopt 
a beta-sheet conformation [43]. Soluble Ap is toxic in vitro 
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only when the peptide undergoes an "aging process" during 
which its conformatiqn changes from an alpha helix / random 
coil to a beta-sheet [44]. Jt has been reported that this 
phenomenon can be catalyzed in vivo by proteins (e.g. 
proteoglycanes, metals, ApoE4 etc;..) also localized in the 
senile plaque. The peptide polymerizes leading to formation 
of fibrils during a complex process called fibrillogenesis. 

The elucidation of the fibrillogenesis process is crucial for 
defining appropriate drug discovery approaches dedicated to 
inhibit the neurotoxic effects of amyloid induced by its 
polymerization, catalyzed or not. Indeed, the real pathogenic 
entity has not yet been identified, and it is probable that 
some precursor species rather than the fibrils themselves may 
be the real neurotoxic entities! With the contribution of new 
technologies like Atomic Force Microscopy (AFM) new 
intermediates like the Api-40 / A01-42 protofibrils have 
been identified in the in vitro fibril formation process [45]. 
AFM is particularly useful in probing the early events in the 
amyloid polymerization process characterized by a slow 
nucleation, followed by rapid growth [46]. The group of P. 
Lansbury at Harvard Medical School has described A(3 
aggregation as a four stages process [46]: 

1. Protofibril initiation that may require about 20 Ap 
molecules. 

2. Protofibril elongation involving coalescence of 
smaller protofibrils. This step seems to be reversible, 
but the disassembly may occur differently than 
protofibril growth. 

3. Protofibril to fibril transition, involving protofibril 
association. This step is the first that could be 
detected by turbidity and dye-binding assays 
(biophysical methods used for the search of amyloid 
aggregation inhibitors). 

4. Fibril elongation process. 

The AP aggregation process may even involve further 
stages. Indeed, Lansbury's group, using AFM, recently 
discovered some new ring and sphere-like structures in the 
a-synuclein aggregation process [47]. The protein a- 
synuclein is the fibrous portion of the Lewy bodies, 
intraneuronal cytoplasmic inclusions found in the substancia 
nigra brain region of Parkinson's patients. As some 
similarity can be drawn between synuclein aggregation in 
Parkinson's disease and amyloid aggregation in AD, it may 
be speculated that some very early intermediates could also 
be formed in the Ap polymerization process. In fact, 
formation of such Ap ring species has been evoked very 
recently [48], but unfortunately no published data are 
presently available. 

It becomes obvious that if fibrils are considered to be 
important players regarding the toxicity induced by amyloid, 
inhibition of their formation should then address all potential 
intermediates that also may be toxic. This is a difficult task 
to perform, as the measurement of amyloid formation is 
complex, existing methods having complementary strengths 
and weaknesses. The common methods used in drug 
discovery programs related to the identification of amyloid 
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aggregation inhibitors are: electron microscopy, turbidity, 
sedimentation, birefringent Congo red binding, Thioflavin-T 
induced fluorescence, Light Scattering, Circular Dichroism 
(CD), NMR and AFM [46]. 

The current Medicinal Chemistry approaches that target 
amyloid polymerization are mainly addressing the fibril 
formation. It is important to remember that what is linked to 
AD pathogenesis is the whole amyloid fibrillogenesis 
process and not the fibril itself [42, 49]. Drug discovery 
efforts should be dedicated to the design of amyloid 
aggregation inhibitors able to inhibit the formation of all 
potential intermediates as well. It then becomes clear that the 
ct-helix / random coil to P-sheet conformational transition 
may constitute the target of choice. Efficacious amyloid 
aggregation inhibitors should be considered as "alpha 
helix/random coil conformational stabilizators ". 

The design of amyloid aggregation inhibitors needs to 
consider amyloid polymerization as a protein folding 
problem. Most of the aggregation inhibitors reported today 
(see below and Fig (1) for peptide and Figs (2, 3) for non 
peptide inhibitors) have been discovered using a 
combination of biophysical methods (Electron microscopy, 
light scattering, CD, Fluorescence, recently AFM...) which 
enables the identification of how and when the molecule 
affects the polymerization process. This is very important for 
establishing a meaningful structure . activity relationship 
(SAR). Indeed, in order to construct a consistent SAR 
related to one scaffold, the molecules bearing that scaffold 
have to display the same binding mode to amyloid, for 
example. Molecules bearing a defined scaffold but interacting 
with different species of the fibrillogenesis pathway (i.e. with 
a different molecular environment) might be difficult to 
optimize. For example, using fluorescence assays (like the 
thioflavine-T assay interacting only at the stage of fibril 
formation) coupled to CD and better AFM (allowing 
detection of the molecular interaction with early formed 
species like the protofibril) should be of great importance to 
help identifying the site of action of the molecules tested. 



III. AMYLOID AGGREGATION EXHIBITORS IN 
THE DRUG DISCOVERY PROCESS 

The search for potent drug like amyloid aggregation 
inhibitors is not very different from any other search for CNS 
drug candidates in terms of lead finding and optimization. 



A. Lead Finding Process 

The first line of in vitro assays (fluorescence type assays, 
microscopy) are dedicated to the identification of molecules 
interfering with the fibrillogenesis process (via different 
mechanisms that may involve the inhibition of the 
conformational change of Ap). This type of assay sometimes 
display an important variability in the results obtained, due 
to the well known "batch to batch variability" of amyloid 
even if obtained from the same supplier [50]. It appears that 
reproducibility is the most important hurdle when setting-up 
such models. Some of these assays have been modified in 
order to allow high throughput screening [51]. 
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Fig. (1). Peptidic amyloid aggregation inhibitors. 



The second line of in vitro assays should explore 
neuroprotective activity in models where amyloid is the 
neurotoxic agent. One of the most popular assays used in 
this respect is the "MTT reduction assay" [52]. Many other 
in vitro models are available for this purpose [52]. Once a 
sufficient correlation between inhibition of the fibril logenesis 
process and neuroprotection has been achieved, one should 
directly move to lead optimization. 



B. Lead Optimization Process 

Lead optimization includes a certain number of well 
known criteria that the lead compound has to respect such 
as: 

f 

• A drug like scaffold (possibility of chemical 
modulation, synthetic accessibility,....) 

• Oral activity, no toxic alert and satisfactory 
pharmacokinetic properties 

• Efficient blood brain barrier (BBB) penetration. Two 
main parameters have to be considered when 
evaluating the transport through the BBB: the 
number of hydrogen bonds the molecule forms and its 



molecular weight [53, 54]. Integration of rules such as 
the "Lipinski's rules" [55], specific chemical 
modifications (blockade of H bond-forming functional 
groups, amino and/or carboxyl function directed 
PEGylation, see [53]] help overcome this problem. 
The BBB penetration will generally be evaluated in 
vivo via microdialysis experiments. 

• In vivo efficacy and potency 

To date, literature is scarce with regard to preclinical as 
well as clinical data related to amyloid aggregation 
inhibitors. Parameters related to appropriate pharmacokinetic 
and toxicity properties could be addressed using approaches 
routinely employed for the evaluation of CNS related drug 
candidates. In contrast, a major obstacle will relate to 
characterizing appropriate pharmacodynamic properties of an 
amyloid aggregation inhibitor before it enters into clinical 
testing. Efficacy should optimally be evaluated using 
relevant in vivo animal models reproducing the hallmarks of 
AD. Unfortunately, no such model exists presently. 
Nevertheless, "incomplete" models can be divided into three 
general classes [56] which may support the therapeutic 
utility of those molecules: 
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• Classical cognitive models involving "normal" aged 
animals (mice, rat, monkeys, dogs) in traditional 
experimental paradigms of learning and memory, 
having the advantage of being physiologically 
integrated approaches of normal aging, and the 
disadvantage of not specifically reflecting the 
pathology of AD. 

• Neurodegeneration models especially the P-amyloid 
toxicity models using icv injection of "aged" Ap into 
rats [57-59] thereby altering cognitive performance in 
several models like the water maze task, or the social 
recognition test. However such murine models are 
subject to controversy, since amyloid injections not 
always induce an Alzheimer like pathology [60]. A 
more promising model appears to be the aged 
monkey model (Rhesus monkey) in which icv 
injections of fibrillar AP [61] induce neuronal loss, 
tau hyperphosphorylation (another hallmark of AD, 
[62]] as well as microglial proliferation. 

• Transgenic models involving generally gene 
overexpression in mice (mutated human APP) or . 
Knockout-mice (APP null niutation) [63, 64]. 

Animal models presenting both the histopathological 
features and memory deficits characterizing AD unfortunately 
do not exist. Moreover, those proposed presently remain 
excessively costly and thereby difficult to use for a routine 
purpose. Only selected lead candidates may be tested in 
advanced models like the transgenic models displaying 
cognitive deficits. Indeed, amyloid aggregation inhibitors, 
beside showing a decrease in plaque formation, should 
display cognitive enhancement in vivo, in order to 
substantiate the investment into clinical trials. Clinicians are 
not mainly concerned with the mechanism of action of a 
drug, but more whether it holds a promise to reduce or 
abolish the progression of AD. Clearly, treatment can be 
broadly divided into two categories: agents improving 
symptoms especially cognitive function and those that 
decrease the progression of the disease. Inhibition of amyloid 
aggregation is obviously expected to be part of the second 
category of therapeutic agents, but this may be difficult and 
costly to demonstrate in clinical trials. However a correlation 
between the decrease in amyloid plaque formation and an 
amelioration in cognitive performance (the only non-invasive 
"measurable" criterion in man today) should dramatically 
boost the clinical development of such agent. 



C. Amyloid Aggregation Inhibitors: Where are We 
Today? 

Molecules inhibiting the polymerization process of AP 
have been discovered via two main strategies: random 
screening, or based on amyloid short peptide sequences 
inhibiting amyloid aggregation. 

7. Peptidic Amyloid Aggregation Inhibitors, Fig (1). 

It has been reported that the ability of AP to successively 
assume a P-pleated sheet conformation and to form fibrils is 
dependent on the hydrophobic sequence KLVFF (AP16- 
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AP20) [65]. This observation leads to peptidic amyloid 
aggregation inhibitors like: 

• peptides having the LVFF sequence coupled to a 
steroid moiety at its N-terminus e.g. PPI-368, 1 [66]. 
This compound is apparently able to' block the 
formation of all neurotoxic species of AP oligomers. 
The steroid nucleus has no effect per se. It seems that 
PPI-368 binds directly to amyloid monomers or 
soluble oligomers. 

• pentapeptides bearing the complete KLVFF sequehce 
(like AcKLVFFNH 2 , 2) which are able to inhibit the 
assembly of full length AP into fibrils [67]. Using 
combinatorial pentapeptide libraries, Tjernberg et al 
found that peptides composed of D-amino acids also 
selectively inhibit amyloid fibril formation [68, 69]. 
Peptides bearing the Iflrr or yflrr sequence (D- 
amino-acids) completely blocked the fibril formation. 
Unfortunately, the literature appears devoid of data 
regarding the testing of such peptides using in 
vitro/vivo amyloid induced neurotoxicity assays. 
Molecular modeling studies (docking between 
KLVFF and AP13-23) indicate an anti-parallel 
arrangement in which residues Lys and Leu in 
KLVFF interact with Phe20 in the homologous 
sequence; the D-amino-acid peptides forming a 
parallel p-sheet [69]. The same group also recently 
published an interesting molecular model of amyloid 
fibril formation [70] underlying an anti-parallel P- 
sheet conformation adopted by the AP14-23 
oligomers, allowing favorable hydrophobic 
interactions as well as stabilization via salt bridges 
between all charged residues. Their last publication, 
together with Hoffmann-La Roche [71] describes non 
peptidic amyloid aggregation enhancers as well as 
inhibitors based on a pyridone scaffold 5» 6, Fig 2. 
These molecules were identified by random high 
throughput screening. Another patent from the same 
group [72] claimed molecules bearing such pyridone 
scaffold as potent inhibitors of amyloid production . 

• Longer peptides still bearing a "KLVFF sequence" 
(recognition element) combined to an oligolysine 
disrupting element, e.g. QKLVFFAEDVGGflKKK 
KKK (a for "aminocaproate" linker, 73). This 
molecule has interesting characteristics. It causes 
subtle changes in the aggregation kinetics, the fibril 
morphology and inhibits the in vitro neurotoxicity of 
Apl-39 in the MTT reduction test [73]. This 
neuroprotective effect did apparently not require 
measurable conformational changes, nor the 
prevention of fibril formation. Shorter compounds like 
KL VFF-KKK KKK were also neuroprotective 
(without aggregation prevention) indicating the 
importance of this pentapeptide motif which should 
be a very good starting point for the design of non- 
peptidic inhibitors of amyloid toxicity [74]. 

• Peptides bearing an LPFFD sequence, according to 
experimental data showing that Proline replacement 
in any residue in an amyloidogenic sequence like 
LVFFAED results in a loss of fibril formation [75]. 
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Fig. (2). Non peptide Amyloid aggregation inhibitors. 

Peptidyl-proline bonds being incapable of forming 
standard extended chain conformations. Soto's group 
reported the synthesis of peptides containing the 
"masked" KLVFF sequence, for example LPFFD 
(Iab5) and RDLPFFPYPID (Jabll) which inhibit 
amyloid fibril logenesis [76]. Moreover these 
compounds dissolved pre-formed AP fibrils. The 
pentapeptide Iab5 has been reported [77] to display 
neuroprotective activity in vitro (human 
neuroblastoma cells) as well as in vivo (icv injection 
of LPFFD in A01-42 treated rats showed smaller 
amyloid deposits near the injection site). These 
peptides are claimed to represent novel therapeutic 
approaches for AD and prion disease [78]. 
Unfortunately, it is well known that problems like 
rapid metabolism, poor BBB penetration hamper the 
use of peptide derivatives as drugs. Soto's group tried 
to improve those parameters by coupling polyamine 
chains like putrescine to the active all d-enantiomerof 
Iabll. The results obtained involved a 5 to 7 fold 
increase of BBB penetration and complete protection 
from degradation by rat plasma protease which 
appears encouraging [79]. 

We performed a comparative in vitro study of three 
representatives of the above mentioned peptides [80]. The 
study was designed to evaluate the anti-aggregation and 
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neuroprotective properties of: KLVFF ("Tjernberg peptide"), 
GQKLWFAEDVGGaKKKKKK ("Ghanta peptide") and 
RDLPFFPVP1D ("Soto peptide"). AP^ 0 aggregation was 
assessed by thioflavin-T fluorescence spectroscopy, circular 
dichroism as well as a light scattering assay. AP,. 40 toxicity 
in PC 12 cells was evaluated using the MTT reduction 
assay. KLVFF was identified as the most potent 
antiaggregatory peptide : ThT fluorescence was inhibited by 
50%(1C50 7 uM) and (3-sheet content was 20% (43% for Ap 
alone). PCI 2 cells were completely protected against AP(100 
nM) toxicity at 1:1 and 1:0.5 A p: KLVFF molar ratios. The 
"Ghanta peptide" and the "Soto peptide" were less effective 
(10-25%) at reducing P-sheet content and ThT fluorescence 
(IC50 values of 90 and 75 uM, respectively). The "Ghanta 
peptide" protected PC 12 cells at 1:0.5 and 1:0.25 molar 
ratios. Our results demonstrate that KLVFF displays the 
most potent anti-aggregation - neuroprotective effects among 
the three reference peptides tested. 



A. Thyrotrophs releasing hormone (TRH) and 
Substance P 

TRH Mimetics as A§ Aggregation Inhibitors? 

Scientists from Eli Lilly recently reported that the 
tripeptide TRH, pG1uHisPro-NH 2 , 3, was able to inhibit 
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the neurotoxic effect of Apl-40 in the MTT reduction assay 
[81]. Unfortunately no data regarding a potential inhibition 
of the fibrillogenesis process were reported. TRH 
peptidomimetics as potential inhibitors of amyloid 
aggregation would represent an exciting new area of drug 
design, knowing that such compounds have previously been 
reported to enhance cognitive function [82-84], 

Substance P Mimetics as A$ Aggregation Inhibitors?. 

The substance P peptide (SP: ArgProLysProGlnGlnPhe 
PheGlyLeuMet-NH 2 ), is a wel1 known pro- inflammatory 
peptide acting via the NK1, NK2 and NK3 receptors [85]. 
Neurokinin antagonists, are presently developed in several 
therapeutic indications like asthma, pain, migraine, emesis 
and depression. It has been reported that the in vitro [86] as 
well as the in vivo [87] neurotoxicity induced by can be 
antagonized by SP related peptides. Very interestingly, these 
effects can be mimicked by the N-terminal fragment of SP 
e.g. SP1-7: ArgProLysProGlnGlnPhe, 4, which does not 
bind to the neurokinin receptors, and is consequently not 
prone to induce inflammation [88]. It may be possible that 
SP directly interacts with the polymerization process of A0. 
Unfortunately, some studies did not succeed in reproducing 
this observation [15, 89]. Nevertheless, another recent patent 
[90] claimed the use of tachykinin agonists as effective 
inhibitors of amyloid induced neurotoxicity. Moreover, a 
promnestic effect of SP has been reported and is claimed to 
be mediated via it's N-terminal part [91]. It therefore appears 
that non peptidic SP-N-terminal fragment mimetics could 
constitute an original and viable drug discovery approach 
related to amyloid aggregation inibition coupled to 
cognition enhancement activity. 

2. Non Peptidic Amyloid Aggregation Inhibitors, Figs (2) 
& (3). 

• Melatonin, 7, Fig (2), beside its well known anti- 
oxidant / free radical scavenger properties [92] has 
also been reported to inhibit Apl-40 and A|3l-42 
fibril formation [93]. 

• Hexadecyl-N-methylpiperidinium(HMP) bromide, 

8, Fig (2), has been reported to inhibit the in vitro 
Api-40 fibril formation [94]. This molecule has been 
identified via screening. 

• Rifampicin, 9, Fig (2), the well known antibiotic 
inhibits the aggregation as well as the in vitro 
neurotoxicity (PC 12 cells) induced by Api-40, 
apparently via a radical scavenging mechanism of 
action [95]. 

• Naphtylazo derivatives, 10, Fig (2) of the dye 

Congo Red, which inhibits amyloid fibril formation, 
have been reported by Warner Lambert [96]. A 
molecular modeling model for structure-dependent 
binding of Congo Red to amyloid fibrils was 
published some years ago [97]. Scientists from Eli 
Lilly also worked on an azo-dye scaffold [98] 
represented by compound H, Fig (2) showing a 
correlation between the inhibition of Apl-40 
neurotoxicity and fibril growth. Such molecules could 
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also be used as a tool to measure amyloid deposits in 
vivo. Indeed, naphtylazo derivatives complexed to 
technetium(V) have been proposed as potential 
reagent(s) for SPECT (Single Photon Computed 
Tomography) imaging of AD brains [99]. 

• Some other agents have also .been suggested as 
potential therapeutic inhibitors of amyloid 
aggregation e.g. anthracyclone derivatives 12, Fig 
(3) synthesized by Pharmacia & Upjohn [100]. One 
representative molecule of that family IDX (4 , -Deoxy- 
4'-iododoxorubicin, 13, Fig (3) inhibits seed 
triggered amyloid 1-40 aggregation into fibrils. 
Activity can be correlated with the compound's 
lipophilicity [101]. It is active in experimental 
models of prion amyloidosis. A molecular modeling 
study reporting the docked structure of IDX with a 
model of amyloid fibrils'has been recently published 
[102]. 

• A series of benzofuran derivatives (e.g. SKF- 
74652, 14, Fig (3)) have been claimed by SmithKline 
Beecham to inhibit the fibrillogenesis of A01-4O as 
well as to inhibit MTT reduction induced by 
amyloid fibrils [103]. This scaffold, also patented by 
Lilly [104] seems to be one of the first really drug 
like scaffold in terms of lead optimization. 

• Gerolymatos has claimed the use of phanquinone, 
15, Fig (3), as an inhibitor of metal (Zn^ and Cu^) 
induced amyloid aggregation [ 1 05]. 

• Beta-sheet nucleating peptidomimetics bearing a 
diaryl heterocyclic, 16, Fig (3), scaffold have been 
claimed as amyloid aggregation inhibitors by Kelly 
[106]. Unfortunately no suitable biological data were 
given. Other heterocyclic molecules such as the 9- 
acridone derivatives, 17, Fig (3), seem also to 
inhibit the amyloid polymerization process [107]. 

• Centaur Pharmaceuticals has recently described some 
interesting furansulfonic acid derivatives, 18, Fig. 
(3X able to inhibit the formation of AfHl-40) beta- 
pleated sheets and to protect against neuronal cell loss 
induced by an A(3(25-35) fragment, as well as to 
inhibit the production of pro-inflammatory cytokines 
(e.g. IL-lp, TNFot) induced by amyloid [108]. 
Additionally, some derivatives have been found to 
reduce the in vivo locomotor impairment caused by 
A(3(25-35), as well as to reduce the cognitive deficits 
that develop in certain strains of autoimmune mice 
[108]. This class of molecules belongs to the few 
which have been reported to display in vivo activity 
in cognition related models! 

3. Are There Any "Drug Like" Amyloid Aggregation 
Inhibitors Available Today? 

Non peptidic amyloid aggregation inhibitors are 
generally flat molecules bearing a lipophilic bi- or tri- 
(hetero)cyclic scaffold (2-4 phenyl rings) and having a basic 
nitrogen on one of these rings. Such conjugated poly- 
aromatic derivatives may not display an ideal drug like 
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12 (anthracyclone derivative) 



O— 




X:0,S 





14 (benzofiirane derivative) 



15(phanquinone) 



13(IDX) 




0,NRX:C, C(CH3)2 




19 (imidazopyridoindolc derivative) 
Fig. (3). Non peptide Amyloid aggregation inhibitors (contd.). 

profile. One exception is the "atypical Centaur molecule", a 
sulfonic acid furan derivative, which may bind to amyloid in 
a completely different manner. An ideal drug has to be orally 
active, readily absorbed from the gut, and has to reach its 
target in this case the brain by readily crossing the BBB. 
The molecule should then be metabolized in the liver before 
being excreted. Although many tools have been developed in 
order to address these problems (see ref. [109] for an up- 
date), very few data addressing solubility, lipophilicity, 
molecular weight and other properties influencing an 
amyloid aggregation inhibitor's pharmacokinetic and 
toxicological profile, have yet been published. Ignoring these 




Na+ 



18 (fijransulfonic acid derivative) 




20 (isochroman derivative) 



"drug development issues" at the beginning of the lead 
finding stage will obviously increase the time frame of the 
whole drug discovery process. This may explain why no real 
drug like amyloid aggregation inhibitors have been 
published so far. 



IV. CONCLUSION 

The way to make the dream of A0 aggregation inhibitors 
for treating AD become reality is still long and hard. First of 
all, AP is necessary but certainly not sufficient for producing 



Treatment of Alzheimer's Disease 

the features of the pathology of AD. The greatest risk factor 
for the development of AD still remains age! Amyloid might 
even be of benefit, restoring some degree of cognition! [1 10]. 
Moreover, amyloid aggregation can be studied in vitro using 
methodologies becoming more and more sophisticated, but 
the relevance for the in vivo condition still remains obscure. 
The same limitation relates to the in vitro neurotoxic assays 
used to predict a neuroprotective effect of amyloid 
aggregation inhibitors. The recent discovery by Benveniste 
et al [111] that magnetic resonance microscopy constitutes a 
methodology of choice for the detection of neuritic plaques in 
vitro and potentially in vivo, opens an exciting avenue for 
evaluating the in vivo activity of amyloid aggregation 
inhibitors in transgenic mice. This may supply us with a 
more realistic assessment of the in vivo potential of such a 
strategy and its potential for extension to other 
"conformational diseases" [112] where abnormal protein 
folding and then aggregation may play a fundamental 
pathogenic role. 

The clinical trials methodology necessary to demonstrate 
a neuroprotective/symptomatic (cognitive) activity of 
amyloid aggregation inhibitors will have to be innovative, 
since no clinical experience with this approach is available at 
present. Monitoring of CSF markers like amyloid or tau 
proteins will be hampered by the difficulty of enrolling 
patients willing to undergo lumbar puncture. Neuroimaging 
measures of brain atrophy may provide an alternative to this 
invasive methodology [113]. Moreover, pharmacogenomics 
will enable the selection of a more targeted population, thus 
allowing the development of a "custom tailored drug". This 
concept has already been applied to some AD drugs like 
Tacrine (acetylcholine esterase inhibitor) that appears more 
efficacious in patients having the ApoE E2 and ApoE E3 
allele than in those carrying the ApoE E4 [114]. Although 
this assumption has been challenged very recently by Pfizer 
[115]. On the other hand, SanofTs S12024 (whose 
mechanisms of action target the noradrenergic / 
vasopressinergic systems and not the cholinergic system) 
appears to induce a superior activity in patients having the 
ApoE E4 genotype [114]. 

Several problems need to be solved before the therapeutic 
value and utility of amyloid aggregation inhibitors can be 
established. However, the amyloid beta peptide remains a 
rational and viable therapeutic target [116], that holds the 
potential of being the first real efficacious treatment for 
Alzheimer's disease. 



ADDENDUM 

During the publication process of this article, other 
amyloid aggregation inhibitors have been reported in the 
literature. The Torrey Pines Institute described a mixture- 
based synthetic combinatorial library composed of 23375 
imidazopyridoindole derivatives [1 17]. Compound 19, Fig 
(3), the most potent amyloid (Ap25-35) aggregation 
inhibitor (IC 50 : 42+/- 7 uM) showed neuroprotective activity 
against Apl-42 induced toxicity in PC 12 cells. 
Interestingly. 19 inhibited the random coil to (5-sheet 
transition and self aggregation of the amyloid peptide. 
Among the pharmaceutical companies involved in this type 
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of research, Pfizer reported the isolation of an isochroman 
compound, 20, Fig (3), produced 1 by fermentation of a 
fungus, Penicillium simplicissimum^ which has been found 
to inhibit Api-40 protein aggregation [118]. 

The quest for the ideal drug-like 'amyloid aggregation 
inhibitor remains a difficult task, since the processes by 
which AP aggregates are complex and still poorly 
understood. Amyloid nucleation, fibril formation, growth of 
non fibrillar material may all be implicated in the 
aggregation process, with each amyloid oligomeric and/or 
polymeric forms potentially inducing different neurotoxic 
processes. As has been reported recently, Ap oligomers 
(dimers) may constitute the real toxic entities killing the cell 
via "channel-mediated" toxicity [119, 120]. Most 
importantly, a "proof of concept" study using genetically- 
engineered mice overproducing amyloid will help to define 
the best strategy as well as the curative potential of this 
approach. Such a study has recently been published for the 
first time by the Mayo Clinic [121], using the Tg2576 
animal model [122]. The therapeutic approach tested, 
however, was not related to amyloid aggregation but to 
inhibition of extracellular AP accumulation using wortmanin 
(a phosphatidyl-inositol kinase inhibitor) to decrease plaque 
formation. Unfortunately a correlation between plaque 
formation decrease and cognitive effects was not reported. 
Nevertheless, the results with the first non-toxic, drug-like 
Ap aggregation inhibitor in such a model are eagerly 
awaited. 
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LIST OF ABBREVIATIONS 

AD = Alzheimer's Disease 

NSAIDs = Non Steroidal Anti Inflammatory Drugs 



AP 


= Amyloid peptide 


APP 


= Amyloid Precursor Protein 


PS 


= Presenilin 


GAGs 


= Glycoaminoglycans 


AFM 


= Atomic Force Microscopy 


CD 


= Circular Dichroism 


SAR 


= Structure Activity Relationship 


MTT 


= (3-[4,5-dimethyIthiazol-2-yl]-2,5- 




diphenyltetrazolium bromide 


BBB 


= Blood Brain Barrier 
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CSF 


= Cerebro Spinal Fluid 


TRH 


= Thyrotrophin Releasing Hormone 


SPECT 


= Single Photon Computer Tomography 


PS 


= Presenilin 


ApoE 


= Apolipoprotein E 
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